A B S T R A C T Plasma concentration of immunoreactive parathyroid hormone (IPTH) was measured in 18 patients who had been on a hemodialysis program for longer than 6 months. A negative correlation was found between the predialysis plasma concentration of IPTH and the mean concentration of calcium in the dialysate previously used: plasma concentrations of IPTH were higher in patients dialyzed against a calcium concentration between 4.9 and 5.6 mg/100 ml than in patients dialyzed against a calcium concentration of 6.0 mg/100 ml or more. Plasma concentrations of IPTH also were higher in patients with bone disease than in patients without bone disease. Furthermore, a positive correlation was found between predialysis plasma concentrations of IPTH and calcium, and between mean predialysis concentration of IPTH and phosphate. To obviate the possibility that individual differences in susceptibility could have accounted for the observed effects of plasma phosphate and of dialysate calcium, a 2 X 2 factorial study was conducted in seven of these patients to examine the independent effects of perturbation of each of these factors. It was observed that plasma concentration of IPTH was lowest with the combination of high dialysate calcium and low plasma phosphate, highest with the combination of low dialysate calcium and high plasma phosphate, and intermediate with the two other combinations. It is concluded that both dialysate calcium and plasma phosphate are important determinants of parathyroid function in these patients.
A B S T R A C T Plasma concentration of immunoreactive parathyroid hormone (IPTH) was measured in 18 patients who had been on a hemodialysis program for longer than 6 months. A negative correlation was found between the predialysis plasma concentration of IPTH and the mean concentration of calcium in the dialysate previously used: plasma concentrations of IPTH were higher in patients dialyzed against a calcium concentration between 4.9 and 5.6 mg/100 ml than in patients dialyzed against a calcium concentration of 6.0 mg/100 ml or more. Plasma concentrations of IPTH also were higher in patients with bone disease than in patients without bone disease. Furthermore, a positive correlation was found between predialysis plasma concentrations of IPTH and calcium, and between mean predialysis concentration of IPTH and phosphate. To obviate the possibility that individual differences in susceptibility could have accounted for the observed effects of plasma phosphate and of dialysate calcium, a 2 X 2 factorial study was conducted in seven of these patients to examine the independent effects of perturbation of each of these factors. It was observed that plasma concentration of IPTH was lowest with the combination of high dialysate calcium and low plasma phosphate, highest with the combination of low dialysate calcium and high plasma phosphate, and intermediate with the two other combinations. It is concluded that both dialysate calcium and plasma phosphate are important determinants of parathyroid function in these patients.
INTRODUCTION
Systematic evaluation of factors of possible etiologic importance in the development of bone disease during chronic hemodialysis has disclosed that only the concentration of calcium in the dialysate is of statistical significance; roentgenographically demonstrable bone disease occurred almost exclusively in patients dialyzed against a calcium concentration of less than 5.7 mg/100 ml (1) . It also was observed that the mean predialysis serum concentration of calcium was significantly higher in the patients with bone disease than in those without, which suggests that the degree of secondary hyperparathyroidism might be greater. The present study was designed to evaluate this possibility by examining plasma levels of immunoreactive parathyroid hormone (IPTH) in relationship to the development of bone disease and to various factors which might influence secretion of PTH.
In support of the hypothesis, plasma IPTH concentration was greater in patients with bone disease than in those without and was positively correlated with the concentration of calcium in the same plasma sample. Furthermore, a stepwise regression analysis demonstrated that the plasma IPTH concentration was significantly correlated with the following factors, enumerated in order of decreasing significance: (a) mean dialysate calcium concentration during the entire period of dialysis (negative), (b) plasma calcium concentration measured before the start of long-term dialysis (positive), and (c) mean predialysis plasma phosphate concentration during the entire period of dialysis (positive). The results of this study support the concept that the rate of PTH secretion is primarily responsive to the dialysate 6 .0 mg/100 ml) and one at home (mean Ca, 7.4 mg/100 ml). None of these patients was taking phosphate-binding agents. In 13 of these 18 patients, an additional study was conducted to evaluate the separate effects on serum IPTH of short-term (2-4 wk) changes in dialysate calcium and plasma phosphate (see below). During this study, all patients were given an oral calcium supplement (Neo-Calglucon),' in amounts sufficient to increase their total oral calcium intake2 to 1 g/day, and a multivitamin preparation containing 1000 IU of vitamin D.
Design of short-term 2 X 2 factorial study. In seven patients, the sequence shown in Table I was used to assess the separate effects on serum IPTH of changes in dialysate calcium and plasma phosphate. In an additional six patients, only a portion of the sequence could be completed.
The two levels of dialysate calcium were 6.4 ±0.3 mg/100 ml (mean +SD) and 5.3 +0.3 mg/100 ml. Dialysate magnesium was held constant at 2.1 +0.2 mg/100 ml. Plasma phosphate was decreased by administration of Al (OH)3 gel (Amphojel) .3 Analytical methods. Blood samples for analysis were drawn directly from the arterial cannula into heparinized Vacutainers (Becton-Dickinson & Co., Rutherford, N. J.) before dialysis. After centrifugation, a sample of plasma was drawn into a tuberculin syringe for determination of ionized calcium, and the remainder was frozen for subsequent analysis.
Ionized calcium was measured with the Orion flowthrough calcium electrode. Previous studies have demonstrated that the small amount of heparin used produced no alteration in ionized calcium as measured by the electrode. The usual maximal error between duplicate measurements was 0.05 mg/100 ml. The details of this method will be reported elsewhere. ' IPTH was measured with an anti-porcine PTH antibody and "lI-labeled bovine PTH (2). The results are expressed in microliter equivalents of a standard plasma. The sensitivity is such that IPTH can be measured in plasma of 94% of normal persons; the normal range is from undetectable to 40 /hlEq/ml. All the samples used in this study were evaluated in one single assay. The coefficient of variability of a measurement within the same assay was 8%.
Concentrations of calcium and magnesium in plasma and dialysate were measured by atomic absorption spectrophotometry (3). Plasma concentration of phosphate was measured by the method of Fiske and SubbaRow (4) adapted for the AutoAnalyzer.
Statistical methods. To compare the plasma levels of IPTH in the two groups (low and high calcium dialysates), the rank sum test of Wilcoxon (5) was used because the distribution of the data did not appear to be Gaussian.
All of the factors which were considered to be possible influences on the IPTH level were included in a stepwise regression analysis (6) in which a sequence of multiple linear regression equations is computed in a stepwise manner, one variable being added to the regression equation at each step. The variable added is the one which produces the greatest reduction in the error sum of squares or, equivalently, has the highest partial correlation with the dependent variable (IPTH) partialed on the variables which have already been added. For the 2 X 2 factorial study, the sign test was chosen because the individual variability in the absolute levels of IPTH was so great and because the distribution of data was not Gaussian. In order to reduce the possibility of assigning significance to spurious changes in IPTH, differences between analyses were considered to be meaningful only when they exceeded twice the coefficient of variability of the assay method, that is, when AIPTH was greater than 16%o. Similarly, change in total calcium or magnesium was considered to be meaningful when it was greater than 0.2 mg/100 ml, and a change in ionized calcium was considered to be meaningful when it was' equal to or greater. than 0.1 mg/100 ml. Applying this restriction on the data has the effect of decreasing the sensitivity of the statistical method used while increasing the rigorousness of this nonparametric technique.
RESULTS
Plasma IPTH. Both before and after dialysis, plasma IPTH was significantly higher in the low dialysate calcium group than in the high dialysate calcium group (Tables II and III) . The decrease in IPTH concentration during dialysis was significantly greater in the high calcium group (P < 0.01).
Patients with bone disease had significantly higher IPTH values, before and after dialysis, than did patients without roentgenographic evidence of bone disease. In these two groups, however, there was no statistically significant difference between the mean values for the decrease in IPTH (AIPTH%) during single dialyses (P <0.10). For this comparison, one patient was not included because fluorosis was considered to be a major factor in his bone disease (see reference 1).
There were no significant differences in pre-or postdialysis IPTH or AIPTH% in patients with and without calcinosis. It should be pointed out, however, that the predialysis IPTH values of the few patients studied with calcinosis (5 of 18) tended to be higher (P < 0.10).
A significant positive correlation (P < 0.05) was found between predialysis plasma concentrations of calcium and IPTH (Table IV) but not between the postdialysis values or the change in plasma concentrations during dialysis. However, there was a significant negative correlation between AIPTH% during dialysis and the dialysate concentration of calcium.
Factors possibly influencing predialysis plasma IPTH.
Of the factors which may have influenced IPTH before the start of long-term dialysis, the following were introduced into the stepwise regression study: age at the beginning of dialysis, duration of kidney disease, duration of azotemia, and serum calcium before the start of long- term dialysis (as an index of preexisting parathyroid function). Of the factors which may have influenced PTH secretion during long-term dialysis, the following were studied: duration of dialysis, mean predialysis serum creatinine concentration (as an index of dialysis efficiency), mean predialysis plasma phosphate concentration, mean predialysis plasma pH, mean predialysis plasma bicarbonate concentration, mean dialysate concentrations of calcium and fluoride, and serum fluoride concentration measured during the same week as IPTH.
The factor which was best correlated with predialysis IPTH concentration was mean dialysate calcium concentration (negative), followed by serum calcium concentration before long-term dialysis (positive), mean predialysis plasma phosphate concentration during the entire period of dialysis (positive), and, finally, at a borderline level of significance (P <0.10), mean predialysis pH (negative). The remaining factors did not contribute significantly to the regression.
Effect of decreasing the dialysate calcium concentration. The effect of decreasing the dialysate calcium concentration from 6.4 to 5.3 mg/100 ml was assessed in seven patients both with and without the use of the phosphate-binding agent and in one patient only during the use of the binding agent (Table V) . An increase in IPTH of greater than 16% occurred in 11 of the 15 trials (P < 0.05), whereas a decrease in IPTH of more than 16% occurred only once; variation within +16% occurred three times. There was no significant change in plasma calcium and magnesium concentrations.
Effect of decreasing the predialysis plasma phosphate concentration. The effect of administration of Al(OH)s could be assessed with both high and low dialysate calcium concentrations in seven patients, with only high calcium in four, and with only low calcium in two (Table VI) . Among these 20 observations, a decrease in IPTH of greater than 16% occurred 11 times (P <0.01), whereas an increase in IPTH of more than 16% occurred only once; there was no significant variation in IPTH in 8 instances. An increase in plasma calcium concentration of more than 0.2 mg/100 ml was observed 13 times; there was no significant change in 4 instances, and it decreased in 3 instances.
The variation of predialysis plasma concentration of ionized calcium could be assessed in only 10 cases, and in most of these the dialysate calcium concentration was low. An increase of 0.1 mg/100 ml or more was observed seven times, whereas a decrease of more than 0.1 mg/100 ml occurred three times. There was thus a suggestive trend for association between increase in ionized calcium and a decrease in phosphate, but it was not statistically significant.
No significant association was found between the decrease in phosphate and variation in plasma magnesium.
No significant association could be found between the variation in IPTH and the variation in total calcium, ionized calcium, or magnesium when the predialysis plasma concentration of phosphate was decreased by administration of phosphate-binding agents. However, there was a suggestive trend that a decrease in IPTH was associated with an increase in ionized calcium. Of the seven instances in which ionized calcium increased significantly, IPTH decreased significantly four times, remained the same twice, and increased significantly only once.
DISCUSSION
The impetus for this study arose from the observation (1) that the mean predialysis serum calcium concentra- Similarly, in the short-term study, a significant increase in IPTH was observed when dialysate calcium concentration was decreased from 6.4 to 5.3 mg/100 ml in the same patients, which demonstrates directly its influence on plasma IPTH. An acute study previously reported by Kaye, Cohen, Chatterjee, and Mangel (7) had shown that dialysate calcium concentration influences the IPTH level during dialysis: a calcium concentration of 3.5 mg/100 ml caused an increase in plasma IPTH, whereas 8.5 mg/100 ml caused a decrease. However, the dialysate calcium concentrations used by Kaye et al. were beyond the usual therapeutic range and generally have not been advised for routine use. Our data show that a minor change (1.1 mg/100 ml) within the usual therapeutic range clearly affects the plasma IPTH.
What is the mechanism by which dialysate calcium concentration influences parathyroid function? During dialysis, plasma IPTH usually decreased, but the amount of decrease was significantly less in the low dialysate calcium group; in fact, the amount of the decrease was positively correlated with the dialysate calcium concentration during dialysis. The probable reason for this phenomenon is that a greater increase in plasma concentration of ionized calcium would be expected with the use of a higher dialysate calcium concentration (8) (9) (10) (11) (12) . Calcium infusion has been shown to suppress somewhat the hyperplastic parathyroid glands found in uremic patients (13) . There is, however, a difference between calcium infusion and dialysis: during calcium infusion there is a negative correlation between AIPTH% and Aserum calcium, whereas in our dialyzed patients such a correlation was not observed. The absence of such a correlation was very likely due to the fact that the rate of calcium gain during dialysis (12) was considerably less than that obtained during calcium infusion as reported by Reiss, Canterbury, and Egdahl (13).
The positive correlation observed between predialysis plasma concentrations of IPTH and calcium suggests strongly that an increased rate of PTH secretion is essential to maintain plasma concentrations of calcium within the "normal range" under these conditions. In contrast with the normal state (14) , many factors presumably are acting to decrease the plasma calcium, and PTH secretion increases in response. Our observation agrees with the association which has been shown by Stanbury and Lumb (15) to exist between increased serum calcium concentration and increased hyperplasia of the parathyroid glands.
It is noteworthy that no significant change in predialysis plasma calcium concentration was observed when dialysate calcium was decreased. This does not necessarily contradict the finding that patients who had been dialyzed against 6.0-6.5 mg/100 ml had a lower mean predialysis plasma calcium concentration than those dialyzed against a lower concentration. In the latter observation, plasma calcium concentrations were compared after considerably longer periods, and it is possible that the differences in the plasma calcium require longer than 3 wk to develop.
The stepwise regression study also showed that other factors were important influences. The most important of these factors was the serum calcium concentration before the start of long-term dialysis. Because we found that plasma calcium during long-term dialysis was an index of the degree of parathyroid hyperfunction, it appears probable that parathyroid status before institution of long-term hemodialysis was a major determinant of the parathyroid response to dialysis.
The next most important factor which yielded a significant partial correlation with plasma IPTH was the mean predialysis plasma phosphate concentration throughout the entire period of dialysis. Since the coefficient was positive, this suggests that retention of phosphate also may stimulate parathyroid function, most likely by decreasing plasma ionized calcium.
The observation in this study that a decrease in predialysis plasma phosphate concentration is significantly associated with a decrease in predialysis plasma IPTH is, to our knowledge, the first reported evidence that control of the plasma concentration of phosphate between dialyses is of importance in the control of parathyroid hyperfunction in patients being treated by long-term hemodialysis. Increase of plasma phosphate between dialyses is well known, as is the usually concomitant decrease in plasma total calcium concentration. Although it has been suggested (16) (17) (18) (19) that this phenomenon could lead to stimulation of parathyroid function, no evidence for it in man has been reported. Bilinsky and associates' have shown that phosphate depletion decreased PTH in mild renal insufficiency but not when the renal failure was severe.
Sherwood et al. (14) have reported previously that the plasma calcium level is the primary factor in the regulation of PTH secretion, whereas plasma phosphate concentration has no direct effect. In these studies, phosphate infusions led to a delayed increase of plasma IPTH coincident with the delayed decrease in plasma calcium concentration. In our patients, a decrease in plasma phosphate concentration was significantly associated with an increase in plasma total calcium concentration.
No significant associations were found, however, between the decrease in plasma phosphate and the increase in plasma ionized calcium or the decrease in IPTH and the increase in ionized calcium. Appropriate trends were 5Bilinsky, R., A. Kanter, J. M. Canterbury, and E. Reiss. 1968 . Spectrum of hyperparathyroidism in chronic renal insufficiency (abstract). Read at the second annual meeting of the American Society of Nephrology, Washington, D. C., November, 1968. observed, but the number of measurements of plasma ionized calcium was insufficient to confirm or refute these trends.
At the present stage of our investigations, we believe that certain firm conclusions can be made: (a) a dialysate calcium concentration of 6.0-6.2 mg/100 ml more effectively controls the parathyroid hyperfunction of patients during chronic hemodialysis than does a concentration between 4.9 and 5.6 mg/100 ml; (b) this is one reason why roentgenographic evidence of bone disease is less frequent with the use of higher dialysate calcium concentrations; and (c) phosphate retention is an additional factor which may stimulate PTH secretion, perhaps by its effect of decreasing serum calcium. Although it is clear from the present studies that the higher concentrations of dialysate calcium are to be preferred for long-term hemodialysis, it is not equally apparent that long-term phosphate withdrawal is beneficial. The potential value of reducing secretion of PTH by decreasing the serum phosphate concentration must be weighed against possible protective effects of the hyperphosphatemia (20) . Only long-term extensions of the present studies will provide the appropriate answer.
ADDENDUM
Since submission of the present paper, a report by O'Riordan, Page, Kerr, Walls, Moorhead, Crockett, Frauz, and Ritz has appeared (Hyperparathyroidism in chronic renal failure and dialysis osteodystrophy. 1970. Quart. J. Med. 33: 359.). These authors address themselves to questions which are similar to those which we have examined, but their results have led them to conclusions which, in many respects, are at odds with ours. We are of the opinion that these discrepancies are most probably related to differences in experimental design, the rigidity with which dialysate calcium concentrations were monitored, possible geographic differences in etiologic factors involved in the production of "renal osteodystrophy," and differences in the sensitivity and specificity of the radioimmunoassay for parathyroid hormone used in the two studies.
